Abstract. In 1996 typhoon Herb struck the central Taiwan area, causing severe debris flow in many subwatersheds of the Chen-You-Lan river watershed. More severe cases of debris flow occurred following Chi-Chi earthquake, 1999. In order to identify the potentially affected area and its severity, the ability to simulate the flow route of debris is desirable. In this research numerical simulation of debris flow deposition process had been carried out using FLO-2D adopting ChuiSue river watershed as the study area. Sensitivity study of parameters used in the numerical model was conducted and adjustments were made empirically. The micro-geomorphic database of Chui-Sue river watershed was generated and analyzed to understand the terrain variations caused by the debris flow. Based on the micro-geomorphic analysis, the debris deposition in the Chui-Sue river watershed in the downstream area, and the position and volume of debris deposition were determined. The simulated results appeared to agree fairly well with the results of micro-geomorphic study of the area when not affected by other inflow rivers, and the trends of debris distribution in the study area appeared to be fairly consistent.
Introduction
Due to the vast development of economy, usage and development of the land in mountain terrain has grown rapidly for the available land in plane area is limited in Taiwan. However, the mountain terrain in Taiwan is usually very steep and with fragile geological conditions. Heavy rainfall accompanying typhoon often caused severe hazard by inducing slope failure and debris flow. In 1996, typhoon Herb struck Taiwan, dumping more than 2000 mm of rainfall. Severe debris flow occurred in several subwatersheds of the Chen-You-Lan river watershed in central Taiwan as shown in Fig. 1 . In order to be able to manage and mitigate the debris flow hazard, it is deCorrespondence to: M.-L. Lin (mllin@ce.ntu.edu.tw) sirable to simulate the debris flow route and deposition process. The objective of this research is to construct a simulation model for evaluations of potentially affected area and the degree of severity caused by debris flow in the downstream area. Such results could provide information for further risk assessment and decision making of hazard mitigation.
Models for debris flow run-off simulation are usually based on constitutive relationships, which can be developed by different process -by experiment results or theoretical considerations of velocity distributions and continuum mechanics such as Bingham model (Bingham and Green, 1919) ; Herschel-Bulkley model (Herschel and Bulkley, 1926) ; and Coulomb-viscous model (Johnson, 1970) . With the development of computing techniques, numerical methods were developed to simulate behavior and characteristics of debris flow. Chen and Lee (2002) developed a Lagrangian finite element method (LFEM) based on Bingham model to analyze slurry flows run-out. LFEM is formulated to simulate general transient slurry flows with the multidirectional sliding characteristics. Arattano and Franzi (2003) used recorded data on the North-Eastern Italian Alps in 1996 to verify their mathematical models, in which a homogeneous watersediment current over a rigid bed in unsteady conditions was assumed. Uddin et al. (2001) used debris flow velocity field method to estimate motion of debris flow; while Franzi and Bianco(2001) used empirical statistical approach to estimate debris flow deposit volume. Lin et al. (2001) used FLO-2D to study the characteristics of Chui-Sue River debris flow. In this study, the model for flow simulation was established using commercially available FLO-2D program, and the microgeomorphology analysis was performed to provide information and verification of the results of model analysis.
Numerical model of debris flow
For the numerical simulation, a commercially available flow model, FLO-2D, was used to analyze the two dimensional two-phase flow. Considering the hazard caused by debris flow is often due to the impact of debris in the down stream area where the debris starts to deposit. Therefore, the deposition and propagation of debris flow in the deposition area are the main interest in this research. The FLO-2D model (Hübl and Steinwendtner, 2001) can simulate the deposition giving a certain mass from the upstream, and the stopping criterion comes from the governing equations, which take yield stress and viscosity into account. The model cannot take erosion of channel bank into account, which typically occurred in the up-stream area and along flow channel. However, the model is suited for simulation of flow routing and debris deposition, thus it serves the purpose of this study.
The governing equations involved in developing the FLO-2D model according to O'Brien and Julien (1985) were as presented in the follow.
Continuity equation
where h is the flow depth, u and v are the depthaveraged velocity components along the x-and ycoordinates, i is the excess rainfall intensity and t is the time.
2-D equations of motion
where, S ox , S oy are the components of bed gradient in x-and y-directions, S f x , S fy are the components of the friction gradient in x-and y-directions and g is the gravity acceleration.
By neglecting the last three terms in the above equations, the approximation of diffuse wave equations could be obtained. While neglecting the pressure gradient term, a kinematic wave equation could be derived. On most steep slopes, usually the application of the kinematic wave would be sufficient to model the flood wave progression.
3. Rheological model (O'Brien and Julien, 1985) 
where τ is the total shear stress, τ y is the yield shear stress, τ v is the viscous shear stress, τ t is the turbulent shear stress, τ d is the dispersive shear stress, η is the dynamic viscosity, and with C denotes the inertial shear coefficient,
ρ m is the mass density of the mixture, l is the Prandtl mixing length, d s is the grain size of sediment, and C v is the static volume concentration of the sediment.
4. Bagnold (1954) gave the definition of f (ρ m , C v ) as follows
where, a i is the empirical coefficient, which equals to 0.01 and C * is the maximum static volume concentration for the sediment particles.
In Eq. (3), the first term represents the yield shear stress, which is the Mohr-Coulomb shear resistance, the second term is the viscous shear stress, the third term is the turbulent shear stress, and the fourth term is the dispersive shear stress. The above equation could be depth integrated and rewritten in the gradient form
where, S y is the yield gradient, S v is the viscous gradient, S td is the turbulent-dispersive gradient, γ m is the specific weight of the sediment mixture, K is the resistance parameter, and n is the equivalent Manning value. The yield stress τ y and the viscosity η vary principally with sediment concentration, and can be written in empirical relationships as,
6.0896C (7) where n t is the turbulent Manning value and n d is the dispersive Manning value. The yield and viscosity stresses in Eq. (6) appeared to be function of the volumetric sediment concentration, where the parameters α 1 , α 2 , β 1 , and β 2 are empirical coefficients determined by laboratory experiment. O'Brien and Julien (1985) summarized results of some previous researches, and the values of these parameters were as listed in Table 1 .
Parametric study of yield stress and viscosity in rheological model
In order to understand the effects of parameters related to the yield stress and viscosity in the rheological model on the simulation results, the Jun-Kern watershed as shown in Fig. 1 was used for parametric study. The parameters proposed by Jang (1999) based on experiments using material obtained from Chui-Sue river watershed in the Chen-YouLan watershed were used as listed in Table 2 as the initial values. The simulation results indicated that depositing area Table 1 . Parameters α 1 , α 2 , β 1 and β 2 in yield stress and viscosity (O'Brien and Julien, 1985) . 25.6~22.20 --increases and volume of deposition decreases with increasing parameters α 1 , and β 1 , especially with parameter β 1 . While increases of parameters α 2 , and β 2 lead to increases of deposit area and deposit volume, especially deposit volume. The depth of wave front increases with increasing parameter β 2 , and the wave front is also pushed forward. However, the increases of parameter β 2 have no effects on the expansion of the alluvial fan transversely.
Analysis on the other nine subwatersheds of Chen-YouLan watershed as shown in Fig. 1 was then performed using the same initial set of parameters. However, in the research by Jang (1999) , the specimen was reconstituted using material with uniform and smaller grain size particles compared to field deposition. Therefore, adjustments of the parameters were made empirically such that the resulting deposition condition would be similar to the field observation in each case. The rheological parameters thus obtained for each site are shown in Table 3 . Although the rheological parameters appeared to vary, most of the values are still within reasonable range as compared to that of Table 1 . Accordingly it is Table 2 . Rheology parameters of materials from Chui-Sue river watershed (Jang, 1999) .
Value 0.00462 11.24 0.6488 13.72 suggested that adjustment of rheological parameters should take into account the properties of debris, debris composition, and the relief of the deposit area.
Micro-geomorphic analysis of the Chui-Sue River watershed
The Chui-Sue river watershed is located in the southwestern part of Chen-You-Lan watershed up-stream of Her-Ser River, and along the new trans-island highway of Taiwan as shown in Fig. 1 . Originating at 2287 m above sea level, the Chui- (Johnson, 1970) . With the development techniques, numerical methods were developed to simulate behavior as the area where the major action was erosion, the flow area was identified area where both erosion and deposition actions occurred and were about balanc the deposit area was identified as the area where the major action was de according to the characteristics of debris flow action. The resulting triggerin flow area, and deposition area of Chui-Sue River watershed are as shown i
The affected areas and volumes of the material eroded and deposited in each along the river are computed using the variations of the DTM before and a debris flow, and results are listed in Table 4 . It is noted that the total vo material erosion is higher than the total volume of material deposition. This m to that the eroded material could be carried further downstream by the subsequent water flow without depositing in the deposition area. The results pr in Table 4 may be affected by other ground variations of the area depending time the aerial photos were taken; however, they still provide good references terrain variations caused by debris flow. Fig. 2 The Chui-Sue river watershed 1996, severe debris flow occurred in this area when typhoon Herb struck the central Taiwan. Several incidents of debris flow occurred since then, in May 1998, the Her-Ser bridge crossing the Chui-Sue River was raised and pushed sideway due to damming up of the debris under the bridge.
The digital terrain models of the Chui-Sue River watershed with a resolution of 10 m by 10 m were generated using the aerial photos taken before (1993) and after typhoon Herb (1996) , respectively. The micro-geomorphic analysis was performed on the Chui-Sue River watershed and the downstream area of the river, which is the Shen-Mu area, by comparing the terrains before and after the debris flow. The purpose of the micro-geomorphic analysis is to study the erosion and deposition conditions in the watershed caused by the debris flow. From the conditions of erosion and deposition, the triggering area, flow area, and the deposit area in the watershed along the debris flow river can be identified. Through the study, the affected areas, the amount of material erosion, and the amount of material deposition at the downstream area could be determined, and which could provide information for the subsequent simulation and verification. By running a comparison of the elevations for each grid point with the same coordinates, the changes of the geomorphic condition of the area were established. It was found 11 or wash the debris deposition away. As moving further downstream of the Her-Ser River, the debris could be washed away by the river flow, for locations 1535 and 1536 displaying larger thickness from model simulation than micro-geomorphology study.
For the study area, the total area of deposition from numerical simulation was about 18% larger than that of the micro-geomorphic analysis, and may due to the reason as discussed above. The trend of thickness and area of deposition obtained from the model simulation appeared to be fairly consistent with the micro-geomorphic data especially for the upstream area not affected by other inflow rivers. that riverbed became wider and deeper, and the cross section changed from a V-shape into a U-shape after the Typhoon struck. The triggering area was identified as the area where the major action was erosion, the flow area was identified as the area where both erosion and deposition actions occurred and were about balanced, and the deposit area was identified as the area where the major action was deposition according to the characteristics of debris flow action. The resulting triggering area, flow area, and deposition area of Chui-Sue River watershed are as shown in Fig. 3 . The affected areas and volumes of the material eroded and deposited in each portion along the river are computed using the variations of the DTM before and after the debris flow, and results are listed in Table 4 . It is noted that the total volume of material erosion is higher than the total volume of material deposition. This may due to that the eroded material could be carried further downstream by the flow or subsequent water flow without depositing in the deposition area. The results presented in Table 4 may be affected by other ground variations of the area depending on the time the aerial photos were taken; however, they still provide good references for the terrain variations caused by debris flow. 
Debris flow simulation of the Chui-Sue River watershed
In order to compare the field condition with the numerical results, the average thickness of deposition and erosion of each grid area was computed from the micro-geomorphic analysis and was plotted as shown in Fig. 4 . Numerical simulation of the Chui-Sue river watershed was performed using the parameters listed in Table 3 . For the simulation, the hydrograph was produced for the basin based on the precipitation record of Typhoon Herb, and the debris flow simulation was conducted by assigning sediment concentration and the resulting debris flow hydrograph starting from the deposition area as identified in Fig. 3 . Results of the numerical simulation are as shown in Fig. 5 . Comparing Fig. 5 to the deposition area of micro-geomorphology study, the affected area appeared to be fairly consistent, but the thickness of deposition varied. In order to have more detailed comparisons, eight grid points along the Chui-Sue River and Her-Ser River in the downstream area were selected where the thickness of deposition and its impact were significant. Locations and resulting depths of deposition plotted as contour are as shown in Fig. 6 . Noted that in the deposition area further downstream of the Chui-Sue River, the Hao-Ma-Ga-Ban River merged into HerSer River just upstream from grid point 1560, and Ai-Yu-Zi River also merged into Her-Ser River next to the grid point 1529. Both rivers have records of producing debris flow, and the influx of the two rivers would contribute to the variations of deposition in the area. Comparisons of the thickness of deposition from numerical simulation and micro-geomorphic analysis of the eight grid points are as listed in Table 5 . Observing the differences between thicknesses from the model simulation and micro-geomorphic study, results of locations 1626 and 1566 appeared to be very consistent, and results of locations 1560 and 1464 are also reasonably consistent. Location 1696 is at the Shen-Mu elementary school, which is on the riverbank and protected by embankment. In the numerical model, the local topography changes caused by man-made structures such as embankment were not considered, and thus introducing a large difference in thickness of deposition. In addition, the differences for locations 1529, 1535, and 1536 are significant, and as moving further downstream the difference appeared to increase. From the area map as displayed in Fig. 6 , the Chui-Sue River merged into the Her-Ser River at the location neighboring to 1560, and was joined by the Hao-Ma-Ga-Ban River and Ai-Yu-Zi River further downstream. As the thickness of deposit derived from the model simulation was based on the debris flow from Chui-Sue River only, therefore the effects of effluence from the two streams were not accounted for. However, in the micro-geomorphic analysis, the terrain variations caused by all other streams were included. It was likely that the effluence of the other streams could affect the debris deposition thickness because the other two streams could either produce debris flows or wash the debris deposition away. As moving further downstream of the Her-Ser River, the debris could be washed away by the river flow, for locations 1535 and 1536 displaying larger thickness from model simulation than micro-geomorphology study. For the study area, the total area of deposition from numerical simulation was about 18% larger than that of the micro-geomorphic analysis, and may due to the reason as discussed above. The trend of thickness and area of deposition obtained from the model simulation appeared to be fairly consistent with the micro-geomorphic data especially for the upstream area not affected by other inflow rivers.
Conclusions
Based on previous discussions, the modeling procedures for debris flow simulation were established using FLO-2D, and it was found that the parameters for the yield and viscous stresses have significant effects on the simulation results. Laboratory testing conditions were often very different from the field condition, which results in very different parameters, and the adjustment of rheological parameters should take into account the properties of debris, debris composition, and the relief of the deposit area. The results of rehological parameters adjustment in this study can provide references for other cases with the similar geological conditions.
A case study based on the comparison of Microgeomorphology study and numerical simulation of Chui-Sue river watershed suggested that with proper parameters, the numerical model could provide reasonably good results for identifying the affected area and thickness of deposition in the affected area, which would be very helpful for debris flow hazard mitigation.
